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!
8BC).('D)0A!!)6&!9IK&(2/0&1!9:!26/1!%&1&#%(6!>%9K&(2!#%&!29!=#'/>5-#2&!26&!15%:#(&!(6&=/12%3!9:!
4%#>6/2&! >-#2&-&21! #'7! /'0&12/4#2&! 26&! :#(29%1! 26#2! (9'2%9-! 26&/%! /'2&%(#-#2/9'a! &T:9-/#2/9'a!
7/1>&%1/9'! #'7! #76&1/9'! /'! >9-3=&%!=#2%/T! (9=>91/2&1*! N'(&! 26&! %&-#2/9'16/>1! #=9'4! 26&1&!
I#1/(!:#(29%1!#%&!&12#I-/16&7a!(9=>91/2&!=&(6#'/(#-!>%9>&%2/&1!$/--!I&!9>2/=/,&7!I3!(9'2%9--/'4!
26&!>-#2&-&2!(9'(&'2%#2/9'a!#76&1/9'a!#'7!9%/&'2#2/9'*!!!
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",$E0!9:!26/1!>%9K&(2!#%&b!
[B\!+&2&%=/'&!26&!:#(29%1!26#2!(9'2%9-!26&!#76&1/9'!/'!26&!4%#>6/2&!>-#2&-&2D&>9T3!1312&=!#2!
26&!#29=/(a!=9-&(5-#%a!#'7!=#(%9!1(#-&1*!
[U\!<12#I-/16!26&!%&-#2/9'16/>!I&2$&&'!#76&1/9'!#'7!=&(6#'/(#-!#'7!>631/(#-!>%9>&%2/&1!9:!
26&!'#'9(9=>91/2&1*!
[E\! ]=>%90&!26&!>%9>&%2/&1!9:!26&!'#'9(9=>91/2&1!I3!7&1/4'/'4!9>2/=#-!15%:#(&!(6&=/12%3*!
!
3'>+'-'.$+.)A! ! Q#'9%&/':9%(&=&'21! #'7! '#'9(9=>91/2&1! 9::&%! 26&! >%9=/1&! 9:! (%&#2/'4! '&$!
(-#11&1! 9:! (9=>91/2&! =#2&%/#-1! :9%! #&%91>#(&! #>>-/(#2/9'1*! P%#>6/2&! >-#2&-&2!
'#'9%&/':9%(&=&'21! 6#0&! 26&! >92&'2/#-! :9%! >%90/7/'4! 15I12#'2/#-! /'(%&#1&1! /'! 26&! 12%5(25%#-!
>%9>&%2/&1! 9:! #&%91>#(&! >9-3=&%1! #1! $&--! #1! 26&! 26&%=#-! #'7! &-&(2%/(#-! >%9>&%2/&1*! ! )6&!
%&-#2/9'16/>1! I&2$&&'! 26&! 4%#>6/2&! 15%:#(&! (6&=/12%3a! 7/1>&%1#I/-/23! /'! >9-3=&%! =#2%/(&1a!
#76&1/9'! #'7! (9=>91/2&! =&(6#'/(#-! >%9>&%2/&1! 7/1(90&%&7! #1! #! %&15-2! 9:! 26/1! >%94%#=! $/--!
/7&'2/:3!'&$!=#2&%/#-1!#1!$&--!#1!'&$!9>>9%25'/2/&1!:9%!26&/%!51&*!!Y5%26&%=9%&a!26&1&!12%5(25%&D
>%9(&11/'4D>%9>&%2/&1! %&-#2/9'16/>1! (#'! 1&%0&! #1! 26&! :95'7#2/9'! :9%! (9=>52#2/9'#-!=97&-1! :9%!
'#'9(9=>91/2&!=#2&%/#-1*!
 
75:F<8G3!H85I!8*!"517J<4:!7K14:K:4!*1*868L783<4:3!
!
L#1&7!9'!#! 269%9546! %&0/&$!9:! 26&! -/2&%#25%&a!95%1!#>>&#%1! 29!I&! 26&!9'-3!4%95>! /'0&12/4#2/'4!
&T:9-/#2&7!4%#>6/2&!'#'9%&/':9%(&=&'21!:9%!>9-3=&%1!#2!26&!2/=&!26&!>%9>91#-!$#1!15I=/22&7*!!
!
8%&-/=/'#%3! $9%M! I3! 26&! #5269%! #2! ?/(6/4#'! @2#2&! .'/0&%1/23! &T>-9%&7! 26&! :#I%/(#2/9'! #'7!
=&(6#'/(#-! >%9>&%2/&1! 9:! &T:9-/#2&7! 4%#>6/2&! %&/':9%(&7! (9=>91/2&1*! ! P%#>6/2&! :-#M&! 1#=>-&1!
$&%&!1$&--&7!$/26!#(/7!#'7!&T:9-/#2&7!#2!6/46!2&=>&%#25%&!19!26#2! 26&!09-5=&!9((5>/&7!I3!26&!
4%#>6/2&! $#1! /'(%&#1&7! 7%#=#2/(#--3*! ! mD%#3! 7/::%#(2/9'! [mR+\! >-921! 169$'! /'! Y/45%&! B! I&-9$!
$&%&!2#M&'!I&:9%&!#'7!#:2&%!2%&#2=&'2*!!Q92/(&!26#2!26&!1/4'#-!6#7!7%9>>&7!I3!#!:#(29%!9:!UZ!#'7!
26&!>&#M!#2!U*C!'=!6#1!#-=912!7/1#>>&#%&7*!!J!'&$!1=#--!>&#M!#2!U*U!'=!/1!7&2&(2&7!/'7/(#2/'4!
Graphite before 
Treatment 
Graphite after  
Treatment 
K+3Q"&$C#$$L"2($!+''"269+<,$!292$R&'<"&$2,S$)'9&"$MT'<.+29+<,$<'$U"2;7+9&$
 6
26#2!26&!4%#>6/2&!$#1!/'2&%(#-#2&7!#'7!&T:9-/#2&7!#:2&%!2%&#2=&'2*!
!
)6&! &T:9-/#2&7! 4%#>6/2&! $#1! 4%95'7! /'29! :/'&! >#%2/(-&1! #'7! #77&7! 29! #'! &>9T3! 1312&=! #2!
(9'(&'2%#2/9'1!9:!-&11!26#'!B!$&/462!c!#1!:9--9$1*!!!
!Y/%12a! #'!#-/`592! 9:! 26&!&T:9-/#2&7!4%#>6/2&!$#1!#77&7! /'29! 26&!&>9T3! 1312&=*! h<>9T/7&b!@6&--!
;6&=/(#-1!<8NQ)?!SUS![+P<LJ\a!;5%/'4!J4&'2b!W5'21=#'!;99>&%#2/9'!n<YYJ?]Q<)?!)FZE*!
)6&!$&/462!%#2/9!9:!<8NQ)?!SUS!29!n<YYJ?]Q<)?!)FZE!$#1!BZZ!29!FA*!!J!%&:&%&'(&!1#=>-&!9:!
26&!1#=&!&>9T3!1312&=!$/26952!4%#>6/2&!$#1!>%&>#%&7!:%9=!26&!1#=&!I#2(6*!)6&!=/T25%&1!$&%&!
(5%&7!I3!6&#2/'4!#2!SAo;!:9%!U!695%1!:9--9$&7!I3!BAZo;!:9%!U!695%1*!)6&!6&#2/'4!%#=>!%#2&!$#1!
Eo;!>&%!=/'*!)6&!=/(%912%5(25%&!9:! 26&! (9=>91/2&!$#1! /'0&12/4#2&7!I3!mR+a!"@?a!#'7!)<?*!!
@#=>-&1!:%9=!:/0&!7/::&%&'2!I#2(6&1!$&%&!(9--&(2&7!#'7!/'0&12/4#2&7!I3!I926!+?J!#'7!)&'1/-&!
2&121*!!!
!
!Y/45%&! U! /1! 26&! "#1&%! ;9':9(#-! @(#''/'4!?/(%94%#>6! ]=#4&! 9:! 26&! (9=>91/2&*! )%#'1=/11/9'!
=97&!/=#4&1!%&0&#-&7!26#2!'9!-/462!(95-7!I&!2%#'1=/22&7!26%9546!26&!(9=>91/2&*!)6/1!/1!I&(#51&!
&T:9-/#2&7! 4%#>6/2&! >-#2&-&21! #%&! $&--! 7/1>&%1&7! /'! 26&!=#2%/T! #'7! 26&3! I-9(M! 26&! -#1&%! I&#=*!
Y-59%&1(&'(&!=97&!%&:-&(2/9'!/=#4&1!169$!26#2!=912!9:!26&!>-#2&-&21!#%&!UZ5=!9%!1=#--&%!$6/-&!
19=&!9:!26&=!#%&!AZDBZZ5=*!
!
K+3Q"&$?#$10V$+:23&$<'$97&$8<:;<5+9&$
  
Transmission mode Fluorescence Mode 
K+3Q"&$@#$$W"2,5:+55+<,$M.&69"<,$V+6"<3"2;7$<'$MT'<.+29&S$U"2;7+9&$X2"9+6.&5$+,$
2,$M;<T($V29"+T#$$W7&5&$Q.9"2:+6"<9<:&S$5&69+<,5$2"&$YHZ,:$97+6-#$$W7&$.&'9$
+:23&$57<[5$+,S+P+SQ2.$;.29&.&95$2,S$97&$"+379$+:23&$57<[5$2$;.29&.&9$9729$725$
R&&,$'<.S&S$<P&"$<,$+95&.'#$
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Y/45%&! E! /1! 26&! )<?! /=#4&! 9:! 26&! (9=>91/2&*! ! )6/1! )<?! /=#4&! 169$1! 19=&! 9:! 26&! 4%#>6/2&!
>-#2&-&21!#%&! 15ID=/(%9'! -&0&-! /'! 1/,&*!)6/1! >/(25%&! /1! 26&! :/%12! 9'&! 26#2! 169$1!'#'9=&2&%! 1/,&!
4%#>6/2&!>-#2&-&21!7/1>&%1&7!/'!#!>9-3=&%!=#2%/T*!)6&!#7K#(&'2!)<?!/=#4&!#-19!169$1!26#2!26&!
>-#2&-&21!6#0&!:9-7&7!90&%!9'!26&=1&-0&1!/'7/(#2/'4!26#2!26&!>%9(&11!6#1!29!I&!/=>%90&7*!!J-19!
'92&!26#2!'92!#--!>-#2&-&21!#%&!>5-0&%/,&7!/'29!26&!15ID=/(%9'!-&0&-*!
!
+?J!=&#15%&=&'21!$&%&!(9'75(2&7!/'!26&!2&=>&%#25%&!%#'4&!9:!EZfBUZo;*!!Y/45%&1!F!#'7!A!
169$!26#2!)4![4-#11!2%#'1/2/9'!2&=>&%#25%&\!#'7!7&'1/23!9:!26&!4%#>6/2&!>-#2&-&2!'#'9(9=>91/2&!
#'7!26&!%&:&%&'(&!'&#2!&>9T3!%&1/'!#%&!#-=912! 26&!1#=&*! !)6&!129%#4&!=975-/!#2!EZo;![I&-9$!
26&!)4!9:!26&!=#2%/T\!#'7!BBZp;![#I90&!)4\!$&%&!/'0&12/4#2&7*!!!!
!
!
Y/45%&1!A!q!G!169$! 26&!+?J! %&15-21*!;9=>91/2&!=#2&%/#-1!$/26!B$2c!4%#>6/2&!169$&7!#I952!
BAc! /=>%90&=&'2! /'! 129%#4&! =975-51! #2! EZo;! #'7! AAc! #2! BBZp;! (9=>#%&7! 29! 26&! =#2%/T!
=#2&%/#-*!mR+!7#2#!%&0&#-&7!26#2!19=&!9:!26&!4%#>6/2&!>-#2&-&21!#%&!1&4%&4#2&7!#2!26&!I9229=!9:!
26&! (9=>91/2&! #'7! 26&1&!>-#2&-&21! #%&! '92! &T:9-/#2&7!$&--!$6/-&!=912! 9:! 26&! 4%#>6/2&! >-#2&-&21!
7/1>&%1&7! /'! 26&!=#2%/T!#%&!&T:9-/#2&7*! ]:! #!=9%&!&::/(/&'2!&T:9-/#2/9'!=&2697!(#'!I&!#(6/&0&7a!
=5(6!I&22&%!=&(6#'/(#-!>%9>&%2/&1!$95-7!I&!&T>&(2&7!!!
!
 
K+3Q"& H# !&,5+9($<'$U"2;7+9&DM;<T($$
/2,<6<:;<5+9&#$
K+3Q"&$J#$W3$<'$U"2;7+9&\M;<T($
/2,<6<:;<5+9&#$
)4
Z
UZ
FZ
GZ
SZ
BZZ
;9=>91/2& R&:&%&'(&
+&'1/23
Z
Z*U
Z*F
Z*G
Z*S
B
B*U
B*F
;9=>91/2& R&:&%&'(&
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!
$
!
 !
)6&!=975-51! 9:! 26&! %&:&%&'(&! &>9T3! /1! =&#15%&7! #1! UAFF!?8#! #'7! 26#2! 9:! B$2c! 4%#>6/2&D
%&/':9%(&7!(9=>91/2&!/1!UCZB!?8#*!J115=/'4!26#2!26&!7&'1/23!9:!4%#>6/2&!/1!B*SA4V((!#'7!26#2!9:!
26&! &>9T3! /1! B*E4V((a! 26&! 09-5=&! :%#(2/9'! 9:! 4%#>6/2&! /'! 26/1! 1312&=! /1! (#-(5-#2&7! 29! I&! Z*Cc*!
O/26!26&!#115=>2/9'!9:!>&%:&(2!I9'7/'4!#'7!>&%:&(2!#-/4'=&'2!/'!9'&!7/%&(2/9'a!26&![>#%#--&-\!%5-&!
9:!=/T25%&1!4/0&1!26&!5>>&%!I95'7!9:!26&!(9=>91/2&!=975-51!/:!/2!$#1!(9=>91&7!9:!5'/7/%&(2/9'#-!
:/I&%1*! .1/'4! 26/1! 26&9%3a! 26&! =975-51! 9:! 26&! 4%#>6/2&! '#'9%&/':9%(&=&'2! /'! 26/1! (9=>91/2&!
1#=>-&! (#'! I&! &12/=#2&7! #1! UUC! P8#*! L3! (9=>#%/'4! 26/1! 0#-5&! 29! 26&! ^95'4k1! =975-51! 9:!
1/'4-&!(%312#-!4%#>6/2&![BZGZ!P8#\a!$&!(9'(-57&!26#2!9'-3!#!>9%2/9'!9:!26&!4%#>6/2&!:-#M&!/1!#(2/'4!
#1! #! 1/'4-&! I#1#-! >-#'&! #'7! 26#2!=9%&! &::/(/&'(3! 9:! &T:9-/#2/9'!=512! I&! #22#/'&7! 29! %&#(6! 26&!
>%9>&%2/&1!9:!1/'4-&!(%312#-!4%#>6/2&*!!
!
!
5:3:156J!7K1*!!!!
!! !
@/'(&! 4%#>6/2&! >-#2&-&21! 6#0&! =&(6#'/(#-! >%9>&%2/&1! 26#2! #%&! :#%! 15>&%/9%! 29! 926&%!
'#'9%&/':9%(&=&'21!#'7!(#'!%/0#-!2691&!9:!26&!6/46&12!=975-51!(#%I9'!:/I&%1a!26&!/'(9%>9%#2/9'!
9:!&T:9-/#2&7!4%#>6/2&!>-#2&-&21!/'29!6/46!>&%:9%=#'(&!&>9T3!#'7!>9-3/=/7&!26&%=91&2!#&%91>#(&!
>9-3=&%1!$/--!I&!&=>6#1/,&7*!!)6&!M&3!>9/'21!29!=#M/'4!4%#>6/2&!>-#2&-&2!'#'9(9=>91/2&1!#%&!
/'2&%(#-#2/9'! 9:! >9-3=&%1! /'! 4%#>6/2&! 4#--&%/&1! #'7! &T:9-/#2/9'! 9:! 4%#>6/2&! >-#2&-&21! /'! #! 4/0&'!
>9-3=&%! =#2%/T*! ! Y5%26&%=9%&! 26&! >#(M/'4! #'7! 9%/&'2#2/9'! 9:! 26&! 4%#>6/2&! >-#2&-&21! =512! I&!
(9'2%9--&7!/'!9%7&%!29!9I2#/'!26&!6/46&12!7&4%&&!9:!=&(6#'/(#-a!26&%=#-!#'7!&-&(2%/(#-!>%9>&%2/&1!
/'!26&!>9-3=&%!'#'9(9=>91/2&*!]'0&12/4#2/'4!26&1&!I#1/(!:#(29%1!$/--!=#M&!/2!>911/I-&!29!#(6/&0&!
'#'9(9=>91/2&1a!$6/(6!(#'!9::&%!'&$!>%9>&%2/&1!#'7!>&%:9%=#'(&!(#>#I/-/2/&1*!!!
!
"#$%&'()A! ! 8%&-/=/'#%3! &T:9-/#2/9'! #'7! '#'9(9=>91/2&! &T>&%/=&'21! $&%&! (9'75(2&7! $/26!
4%#>6/2&!>%9(5%&7! :%9=!.;JR!#'7! ! 26&!1#=&!=#2&%/#-!$#1!51&7! 26%9546952! 26/1!>%9K&(2*! !)6&!
4%#>6/2&! 1#=>-&1! 51&7! /'! 26/1! %&1&#%(6! $&%&! P%#>6/2&! ]'2&%(#-#2&! ;9=>95'71! [P];1\a! $6/(6!
 
@29%#4&!?975-51!#2!EZr;
Z
AZZ
BZZZ
BAZZ
UZZZ
UAZZ
EZZZ
;9=>91/2& R&:&%&'(&
@29%#4&!=975-51!#2!BBZr;
0
5
10
15
20
25
30
35
Composite Reference
K+3Q"&5$A$]$G#$$09<"23&$V<SQ.Q5$<' U"2;7+9&DM;<T($/2,<6<:;<5+9&$R&.<[$2,S$2R<P&$
97&$W3#$
@Z 8$FR&.<[$W3I$
CCZ 8 F2R<P& W3I$
 9
$&%&! #(/7! /'2&%(#-#2&7! '#25%#-! (%312#--/'&! 4%#>6/2&! :-#M&1*! )6&! #(/7! (9=>9'&'21! (9'1/12! 9:!
15-:5%/(!#'7!'/2%/(!#(/7*!Q/2%/(!#(/7!#(21!#1!#'!9T/7/,&%!$6/-&!15-:5%/(!#(/7!#(21!#1!#'!/'2&%(#-#'2*!
)6&! #(/7! /'2&%(#-#2&7! 4%#>6/2&! &T6/I/21!=5-2/>-&! 12#4&1a! %#'4/'4! :%9=! 12#4&! B! 29! A*! )6&! 12#4&!
'5=I&%!/'7/(#2&1!26&!'5=I&%!9:!4%#>6&'&!16&&21!I&2$&&'!#7K#(&'2!/'2&%(#-#2&7!4#--&%/&1*!.>9'!
6&#2/'4a! 26&! /'2&%(#-#2&7! #(/71! I&(9=&! 0#>9%! #'7! :9%(&! -#3&%1! #>#%2a! (#51/'4! &T:9-/#2/9'! 9:!
4%#>6/2&! -#3&%1*!)6&!1#=>-&!4%#7&1!51&7! /'! 26/1! %&1&#%(6!#%&!P%#:45#%7)?!BGZDAZJa!BGZDAZLa!
#'7!BGZDAZQ*!W&%&!sBGZt!%&:&%1!29!26&!9'1&2!2&=>&%#25%&!#2!$6/(6!/'2&%(#-#2&7!#(/7!I&4/'1!29!I&!
%&-&#1&7!#'7!&T:9-/#2/9'!9:!26&!4%#>6/2&!9((5%1*!sAZt!/'7/(#2&1!26&!#0&%#4&!1/,&!9:!26&!:-#M&1!/1!
AZ!=&16a!$6/(6!/1!EZZ!5=*!Ja!La!#'7!Q!169$!26&!(9'7/2/9'1!9:!26&!1#=>-&!15%:#(&a!$6/(6!#%&!
#(/7/(a! I#1/(a! #'7!'&52%#-*! !J(/7a!L#1/(! #'7!Q&52%#-/,&7!4%#>6/2&1!#%&! %&#7/-3! #0#/-#I-&! /'! BGZ!
#'7!UAZ!=/(%9'!1/,&1*!!!
!
7,EM/)#! L$(#'.)0A! ! L&(#51&! 9:! >%&0/951! 15((&11:5-! #(6/&0&=&'21! /'! :#I%/(#2/'4!
'#'9(9=>91/2&1a! 4%#>6/2&D&>9T3! 1312&=1! #%&! #>>%9>%/#2&! #1! #! 12#'7#%7! 1#=>-&*! ! J! I#1&-/'&!
&>9T3! [7/4-3(/73-!&26&%!9:!I/1>6&'9-DJ\!(5%&7!$/26!#!>%/=#%3!#=/'&!$/--!I&!51&7!#1! 26&!=#2%/T*!!
)6/1!1312&=!6#1!I&&'!169$'!/'!>%&0/951!$9%M!29!I&!#!4997!=97&-!:9%!6/46!>&%:9%=#'(&!&>9T3!
1312&=1*!!!
!
;'0%)#0',+A! !N'&!=#K9%!9I12#(-&!26#2!6#1!29!I&!90&%(9=&!/'!4%#>6/2&!>-#2&-&2!'#'9(9=>91/2&1!
/1! 29! #(6/&0&! /'7/0/75#-! >#%2/(-&! 7/1>&%1/9'! /'! 26&! >9-3=&%! =#2%/T*! ! @>9'2#'&951! &T:9-/#2/9'!
(#''92!2#M&!>-#(&!/'!23>/(#-!6/46-3!0/1(951!>9-3=&%1*!!)6&!#>>-/(#2/9'!9:!16&#%!/'!9%7&%!29!#11/12!
/'!26&!7/1>-#(&=&'2!9:!4%#>6/2&!16&&21!$/26!%&1>&(2!29!&#(6!926&%!#'7!29!#/7!/'!26&/%!7/1>&%1/9'!/'!
26&! >9-3=&%! =#2%/T! /1! #! '&(&11/23*! ! O&! /'2&'7! 29! 51&! L#'I5%3! =/T/'4! (9=I/'&7! $/26! 26&!
#>>-/(#2/9'!9:!6&#2!29!#(6/&0&!26&!7/1>&%1/9'!7&4%&&!'&(&11#%3!
!
6&$#$.()#'N$(',+!,-! <+()#.$E$(',+A! !)6&!7&4%&&!9:! /'2&%(#-#2/9'!9:!=9'9=&%1!9%!>9-3=&%1!#%&!
#'!/'7&T!9:!#76&1/9'*!)651a!=97&-!(9=>91/2&1!$/--!I&!:#I%/(#2&7!#'7!26&!7&4%&&!9:!/'2&%(#-#2/9'!
$/--! I&! /'0&12/4#2&7! I3! mD%#3! 7/::%#(2/9'! 9:! 7ZZB! >-#'&! 9:! 4%#>6/2&! #'7! )<?! [)%#'1=/11/9'!
<-&(2%9'!?/(%91(9>3\!9I1&%0#2/9'!9:!5-2%#=/(%929=&7!1&(2/9'1*!
!
3?#-$.)!6&)/'0(#M!,-!(&)!<+()#-$.)A!!@/'(&!26&!:#(29%1!26#2!(9'2%9-!26&!>&'&2%#2/9'!9:!>9-3=&%!
(6#/'1! /'29! 4%#>6/2&! 4#--&%/&1! #'7! &T:9-/#2/9'! 9:! 4%#>6/2&! /'! #!=#2%/T! >9-3=&%! #%&! 5'(-&#%a! 26/1!
%&1&#%(6!:9(51&1!9'!&0#-5#2/9'!9:!15%:#(&!(6&=/12%3!9:! 26&! /'2&%:#(&!9:!'#'9(9=>91/2&1!$6/(6!
6#0&!I&&'!:#I%/(#2&7!15((&11:5--3**!!The chemical composition of the reinforcements and matrix 
polymers will be determined by XPS and FT-IR. 
!
4&)#/,/).&$+'.$E!7#,%)#(')0A!!)9!(9'2%9-!#'7!=#T/=/,&!26&!>%9>&%2/&1!9:!26&!(9=>91/2&a!#'7!
29! &12#I-/16! 26&! %&-#2/9'! I&2$&&'! #76&1/9'! #'7! (9=>91/2&! >%9>&%2/&1! 26&! 26&%=#-! #'7!
=&(6#'/(#-! >%9>&%2/&1! 9:! '#'9(9=>91/2&1! $/--! I&! &0#-5#2&7*! ! +?J! [+3'#=/(! ?&(6#'/(#-!
J'#-31&1\! $/--! 4/0&! I926! 26&%=#-! [4-#11! 2%#'1/2/9'! 2&=>&%#25%&\! #'7! =&(6#'/(#-! [129%#4&!
=975-51\! >%9>&%2/&1*! ! )&'1/-&! 12%&'426! #'7! =975-51! $/--! I&! =&#15%&7! I3! 12#'7#%7! J@)?!
=&2697*!
!
<+()#-$.'$E! 3&)$#! 3(#)00A! ! )6&! #76&1/9'! [/*&*! /'2&%:#(/#-! 16&#%! 12%&'426\! 9:! 26&! >-#2&-&21! /'! #!
=#2%/T! (#'! I&! &12/=#2&7! I3! 51/'4! #'! &T>&%/=&'2#--3! 9I2#/'&7! ^95'4k1!=975-51! #'7! <16&-I3!
&`5/0#-&'2!/'(-51/9'1!=&2697*!
!
).+3,:&,9#$)6&9%&2/(#--3!/2!/1!0&%3!(-&#%!26#2!26&!#I/-/23!29!9%/&'2!26&!&T:9-/#2&7!4%#>6/2&!>-#2&-&21!
>#%#--&-!29!&#(6!926&%!(#'!>%975(&!#!0&%3!-#%4&!/'(%&#1&!/'!=&(6#'/(#-!>%9>&%2/&1![&*4*!=975-51\a!
#1!$&--!#1!#(6/&0/'4!#!-9$!>&%(9-#2/9'!26%&169-7!:9%!/=>%90&7!26&%=#-!#'7!&-&(2%/(#-!>%9>&%2/&1*!!
8%&0/951!%&1&#%(6!/'!95%!4%95>!6#1!%&15-2&7!/'!26&!#I/-/23!29!#-/4'!(9'75(2/0&!#'7!'9'D(9'75(2/0&!
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:/I&%1! /'! >9-3=&%1! $/26! 26&! #>>-/(#2/9'! 9:! &T2&%'#-! &-&(2%/(! :/&-71*! ! O&! $/--! I&! >5%15/'4! 26/1!
#>>%9#(6!(95>-&7!$/26!26&!#>>-/(#2/9'!9:!16&#%!29!/'(%&#1&!26&!7&4%&&!9:!>-#2&-&2!#-/4'=&'2*!!!
)6/1!%&1&#%(6!>%94%#=!52/-/,&7!#'!/2&%#2/0&!>%9(&11!/'!9%7&%!29!5'7&%12#'7!#'7!9>2/=/,&!
26&! 15%:#(&! 2%&#2=&'2a! #76&1/9'! #'7! (9=>91/2&! >%9>&%2/&1*! ! )6&! OK8H! 6J154! :9%! 26&!
&T>&%/=&'2#-!>-#'!/1!169$'!/'!Y/45%&!S*!!!
!
3?//$#MA!!)6&!(9'(&>2!9:!'#'9%&/':9%(&=&'21!:9%!(9=>91/2&1!$#1!:/%12!/'2%975(&7!/'!26&!SZk1a!
I52! 19! :#%a! /'9%4#'/(! (-#3! >-#2&-&21! 6#0&! I&&'! 26&! 19-&! '#'9%&/':9%(&=&'2! /'0&12/4#2&7*! ! )6/1!
%&1&#%(6!/1!7/%&(2&7!#2!7&0&-9>/'4!26&!#I/-/23!29!(%&#2&!'#'94%#>6/2&!>-#2&-&21!#1!#'!#-2&%'#2/0&!29!
(-#31*!P%#>6/2&!'#'9>-#2&-&21!6#0&!#!=975-51!#2! -&#12! 2&'!2/=&1!4%&#2&%! 26#'!26#2!9:!(-#3a!#'7!
26&! =#2&%/#-! /1! I926! 26&%=#--3! #'7! &-&(2%/(#--3! (9'75(2/0&*! ! j&3! >9/'21! :9%! :#I%/(#2/'4! 4997!
4%#>6/2&D>9-3=&%! '#'9(9=>91/2&1! #%&! /'2&%(#-#2/9'! 9:! >9-3=&%1! /'29! 4%#>6/2&! 4#--&%/&1! #'7!
&T:9-/#2/9'!9:!4%#>6/2&!>-#2&-&21! /'!26&!=#2%/T!>9-3=&%*!)6&1&!>6&'9=&'#!#%&!(9'1/7&%&7!29!I&!
%&-#2&7! 29! 26&! #76&1/9'! (9'7/2/9'! I&2$&&'! %&/':9%(&=&'21! #'7!=#2%/Ta! I52! 15((&11! 6#1! I&&'!
-/=/2&7!29!#!:&$!(#1&1!#'7!26&!I#1/(!:#(29%1!26#2!(9'2%9-! 26&1&!>6&'9=&'#!#%&!5'(-&#%!19!26#2!
26&!=#T/=5=!>%9>&%2/&1!9:!26&!(9=>91/2&!=#3!'92!6#0&!I&&'!#(6/&0&7* 
P%#>6/2&!
?#2%/T!@5%:#(&!;6&=/12%3!
[m8@a!Y)D]Ra!]P;\!
@5%:#(&!;6&=/12%3!
[m8@a!Y)D]Ra!]P;\!
;9=>91/2&!J76&1/9'![mR+a!)<?a!+;Ja!]*@*@\!
Y#(29%1!26#2!(9'2%9-!J76&1/9'!
8%9>&%2/&1!
[)&'1/-&!)&12a!+?J\!
R&-#2/9'!I&2$&&'!!
J76&1/9'!#'7!8%9>&%2/&1!
+&1/4'!N>2/=#-!@5%:#(&!;6&=/12%3!
29!]=>%90&!;9=>91/2&!8%9>&%2/&1!
?97/:/&7!
P%#>6/2&!
@5%:#(&!)%&#2=&'2!
K+3Q"&$B#$K.<[$872"9$<'$97&$MT;&"+:&,92.$X2,$
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5:3GK43!
$
:P-,E'$(',+!,-!<+()#.$E$()@!"#$%&'()A$$)6&%=94%#0/=&2%/(!#'#-31/1![)PJ\!#2!#!%#2&!9:!UZ!o;!>&%!
=/'52&!%&0&#-&7!26#2!/'/2/#-!&T>#'1/9'!9((5%1!#%95'7!BGZo;a!I52!=912!9:!/2!9((5%1!/'!26&!%#'4&!9:!
UAZ!29!EAZ!o;!hK+3Q"&$Ei*!)6&!#=95'2!9:!#(/7!/'2&%(#-#2&7!/'!P];1!$#1!UB!29!UA!$2c*!+5%/'4!26&!
&T>#'1/9'!>%9(&11a!#!4%#>6/2&!:-#M&!&T>#'71!BZZ!29!BZZZ!2/=&1!/'!(D#T/1!7/%&(2/9'!#'7!=#M&1!#!
$9%=D-/M&! 16#>&!$/26! :-#M&1! #22#(6&7! 294&26&%! hK+3Q"&$ CZi*! )6/1! /1! (#--&7! &T>#'7&7! 4%#>6/2&*!
@/'(&!BGZDAZJ!6#1!26&!-#%4&12!#=95'2!9:!#(/7!#'7!169$1!26&!6/46&12!7&4%&&!9:!&T>#'1/9'a!26/1!
%&1&#%(6!51&7!BGZDAZJ!#1!26&!12#%2/'4!=#2&%/#-*!
)$9! :#(29%1! #::&(2! 26&! 7&4%&&! 9:! &T>#'1/9'b! 2&=>&%#25%&! #'7! 26&! 1/,&! 9:! 26&! P];1*! )9!
/'0&12/4#2&!26&!&::&(2!9:!2&=>&%#25%&a!F4!1#=>-&1!9:!BGZDAZJ!$&%&!&T:9-/#2&7!#2!EZZa!FZZa!AZZa!
GZZa!CZZa!SZZa!_ZZa!9%!BZZZo;!:9%!E!=/'*!K+3Q"&$CC!169$1!26&!/=#4&!9:!26&!&T>#'7&7!4%#>6/2&!
1#=>-&1! #:2&%! 26&! 2%&#2=&'2*! )6/1! /=#4&! %&0&#-1! 26#2! 26&! 7&4%&&! 9:! &T>#'1/9'! /'(%&#1&7! #1!
2&=>&%#25%&!/'(%&#1&7!5>!29!GZZo;a!26&'!/2!%&#(6&7!#!>-#2&#5!I&39'7!26#2!2&=>&%#25%&*!)651a!/2!
/1! (9'(-57&7! 26#2! 26&! 2&=>&%#25%&! 9:! GZZo;! 9%! 6/46&%! /1! %&`5/%&7! 29! #(6/&0&! 26&! =#T/=5=!
7&4%&&!9:!&T>#'1/9'*!)6/1!#-19!#4%&&1!$/26!-/2&%#25%&!(/2#2/9'1!$6/(6!/'7/(#2&!26#2!2&=>&%#25%&1!
#I90&!SZZo;!$&%&!51&7!29!&T>#'7!#(/7!/'2&%(#-#2&7!4%#>6/2&!>-#2&-&21*!
)9!/'0&12/4#2&!26&!&::&(2!9:!1/,&a!BGZDAZJ!:-#M&1!$&%&!1/&0&7!/'29!7/::&%&'2!1/,&!(#2&49%/&1a!
$6/(6!#%&!-&11!26#'!UA5=a!UA!29!CA5=a!CA!29!BZG5=a!BZG!29!BSZ5=a!BSZ!29!EZZ5=a!EZZ!29!AZZ!
5=a!#'7!90&%!AZZ!5=*!Z*B!4!9:!&#(6!$#1!>-#(&7!/'!#!(%5(/I-&!#'7!&T>#'7&7!#2!_ZZ!o;!:9%!A!=/'!
#2!26&!1#=&!2/=&!/'!26&!1#=&!:5%'#(&*!K+3Q"&$C?!169$1!26&!/=#4&!9:!26&1&!&T>#'7&7!4%#>6/2&1!
#:2&%!26&!6&#2!2%&#2=&'2*!)6&!-#%4&%!26&!1#=>-&!1/,&a!26&!-#%4&%!26&!7&4%&&!9:!&T>#'1/9'*!)6/1!/1!
I&(#51&!$6&'! 26&! 1/,&! 9:! 26&! :-#M&! /1! 1=#--! 26&! 0#>9%/,&7! #(/7! /'2&%(#-#2&! &1(#>&1! :%9=! 26&!
&74&! %#26&%! 26#'!>516/'4! 26&! -#3&%1!#>#%2a*!J-19!)PJ!7#2#! %&0&#-&7! 26#2! 26&!1=#--&%!4%#>6/2&!
6#1!-&11!#(/7!/'2&%(#-#2&1![K+3Q"&$C@\*!)6/1!/=>-/&1!26#2!#(/7!(#'!0#>9%/,&!1-9$-3!5'7&%!#=I/&'2!
 
K+3Q"&$E#$WU)$!292$<'$)6+S$^,9&"62.29&S$U"2;7+9&$
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(9'7/2/9'1*!P%#>6/2&!:-#M&1!9:!CA!5=!9%!-#%4&%!1/,&!169$!4997!&T>#'1/9'a!#'7!2691&!9:!BSZ!5=!
9%!-#%4&%!169$!26&!=#T/=5=!&T>#'1/9'*!!
K+3Q"&$CZ#$M0MV$+:23&5$<'$25D"&6&+P&S$CAZDHZ)$F.&'9I$2,S$&T;2,S&S$3"2;7+9&$29$
EZZ_8$F"+379I#$$F062.&$`$HZZ$Q:I$
K+3Q"&$CC#$W7&$M''&69$<'$W&:;&"29Q"&$<,$!&3"&&$<'$MT;2,5+<,$
 0-25um 25-75um 75-106um  106-180um  180-300um 300-500um +500um 
K+3Q"&$C?#$W7&$M''&69$<'$0+a&$<,$!&3"&&$<'$MT;2,5+<,$F29$EZZ_8#I$
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?/(%9$#0&![?O\!>%9(&11/'4!6#1!=#'3!#70#'2#4&1!90&%!(9'0&'2/9'#-!6&#2/'4!15(6!#1!-&11!
&'&%43! (9'15=>2/9'a! 1>&&7a! 69=94&'&951! #'7! 1/=5-2#'&951! 6&#2/'4! 26%9546952! 26&! $69-&!
1#=>-&a!#'7!6/46&%!>%9(&11!(#>#(/23*! !L&(#51&!9:! 26&1&!#70#'2#4&1a! 26&!=/(%9$#0&!>%9(&11!
9:2&'!9::&%1!(9'1/7&%#I-&!(912! %&75(2/9'*! !P%#>6/2&!=#2&%/#-!6#1!=#'3!>/!&-&(2%9'1a!$6/(6!(#'!
=90&! /'! %&1>9'1&! 29! #'! &-&(2%9=#4'&2/(! :/&-7*a! -&#7/'4! 29! %#>/7! 6&#2/'4!9:! 4%#>6/2&!=#2&%/#-1*!
)6&! 2&=>&%#25%&! (#'! %&#(6! #! :&$! 65'7%&7! 7&4%&&1!;&-1/51!$/26/'! #! :&$! 1&(9'71*! )651a! 26&!
=/(%9$#0&! >%9(&11! (#'! >%90/7&! #'! #-2&%'#2/0&! =&2697! 29! &T>#'7! 4%#>6/2&D/'2&%(#-#2&7!
(9=>95'71*!!)9!7&=9'12%#2&!26/1a!U!4!9:!P];!1#=>-&!$#1!>52! /'!#!I&#M&%!#'7!=/(%9$#0&7!#2!
_ZZ!O!:9%!A!1&(9'71*!!)6&!:%&`5&'(3!9:!26&!=/(%9$#0&!$#1!U*FA!PW,*!!
K+3Q"&$CJ!169$1!26&!7ZZU!>&#M!9:!#1D%&(&/0&7!P];a!6&#2!&T:9-/#2&7!4%#>6/2&![_ZZoa!E=/'\a!
#'7!=/(%9$#0&!&T:9-/#2&7!4%#>6/2&![BZFZOa!E=/'\*!)6&!>&#M!(9%%&1>9'7/'4!29!26&!7ZZU!>-#'&!9:!
26&!#1D%&(&/0&7!BGZDAZJ!1#=>-&1! /1! -#%4&!#'7!16#%>! [K+3Q"&$ CJ)=$ 7ZZU!l!UFSAS!(>1\a!$6/-&!
26#2! 9:! 6&#2! &T:9-/#2&7! 4%#>6/2&! 169$1! #! -92! 1=#--&%! >&#M! [K+3Q"&$ CJb=$ 7ZZU! l! BGE! (>1\a!
1544&12/'4! 26&! =912! 9:! 26&! -#3&%&7! 12%5(25%&! $#1! 7&12%93&7! I&(#51&! 9:! 26&! &T>#'1/9'*! )6&!
7ZZU!>&#M!9:!26&!=/(%9$#0&!&T:9-/#2&7!4%#>6/2&!I&(#=&!&0&'!1=#--&%![K+3Q"&$CJ8=$7ZZU!l!GU!
(>1\a!=&#'/'4!26&!=/(%9$#0&!>%9(&11!>%975(&1!#!4%&#2&%!7&4%&&!9:!&T:9-/#2/9'!26#'!%#>/7!90&'!
6&#2/'4*! )6/1! /1! #-19! (9':/%=&7! I3! L<)! 15%:#(&! #%&#! =&#15%&=&'2*! )6&! 15%:#(&! #%&#! 9:!
=/(%9$#0&!&T:9-/#2&7!4%#>6/2&!1#=>-&1!%&#(6&7!BZZ=UV4a!$6/(6!/1!=9%&!26#'!F!2/=&1!-#%4&%!26#'!
26#2!9:!6&#2!&T:9-/#2&7!1#=>-&1![UA=UV4\*!)6&!15%:#(&!#%&#! :9%!6&#2!&T:9-/#2&7!4%#>6/2&!#4%&&1!
$&--! $/26! -/2&%#25%&! 0#-5&1a! $6/(6! #%&! /'! 26&! %#'4&! 9:! UZDFZ=UV4*! ! )6&! 26/(M'&11! 9:! 6&#2! #'7!
=/(%9$#0&! &T:9-/#2&7! 4%#>6/2&! :-#M&1! $#1! (#-(5-#2&7! I#1&7! 9'! 26&! 15%:#(&! #%&#! 7#2#*! 26&!
#>>#%&'2! 26/(M'&11! 9:! 6&#2! &T:9-/#2&7! 4%#>6/2&! $#1! #%95'7! FA'=! $6/-&! 26#2! 9:! =/(%9$#0&!
&T:9-/#2&7! 4%#>6/2&! $#1! BZ! '=*! )6/1! %&15-2! ! #4%&&1! $&--! $/26! 26&! 2%#'1=/11/9'! &-&(2%9'!
=/(%91(9>&! [)<?\! /=#4&1!9:!=/(%9$#0&!&T:9-/#2&7!4%#>6/2&!>-#2&-&21! /'!K+3Q"&$ CH*!)651a! /2! /1!
(9'(-57&7! 26#2! #!=/(%9$#0&! >%9(&11! 4/0&1! #! I&22&%! 7&4%&&! 9:! &T:9-/#2/9'! 9:!P];a! %&15-2/'4! /'!
6/46-3!&T:9-/#2&7!4%#>6/2&!'#'9>-#2&-&21!$/26!15%:#(&!#%&#1!9:!#I90&!BZZ=UV4!#'7!26/(M'&11&1!9:!
BZ'=!9%!-&11*!!
)6+S$8<,9&,9$<'$U"2;7+9&
Fc&+379$1<55$R&9[&&,$CAZDJZZd8I
Z
H
CZ
CH
?Z
?H
Y$?H ?HDGH$ GHDCZA CZADCBZ CBZD@ZZ @ZZDHZZ HZZ$Y
U"2;7+9&$K.2-&$0+a&$eQ:f
c
&+
37
9$1
<5
5$
Fg
I
 
K+3Q"&$C@#$W7&$M''&69$<'$0+a&$<,$97&$):<Q,9$<'$^,9&"62.2,9$
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K+3Q"&$CJ#$L4!$6Q"P&5$<'$U"2;7+9&$02:;.&5#$
F)I$)5D"&6&+P&S$U"2;7+9&=$FbI$MT;2,S&S$R($
*&29+,3=$EZZ_8$'<"$@:+,#$F8I$MT;2,S&S$R($
V+6"<[2P&=$CZJZc$'<"$@:+,#$
(C) 
(B)  
(A) 
!
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7?ED)#'N$(',+!,-!:P-,E'$()@!"#$%&'()A!!)6&!$9%=D-/M&!4%#>6/2&!1#=>-&1!(#'!I&!>5-0&%/,&7!/'29!
1=#--! >-#2&-&21! I3! 5-2%#19'/(! #4/2#2/9'a! =&(6#'/(#-! 4%/'7/'4a! 9%! 926&%! =&26971*! UZ! 4! 9:! 26&!
&T>#'7&7! 4%#>6/2&! 1#=>-&! $#1! 7/1>&%1&7! /'! U! -/2&%1! 9:! #(&29'&! #'7! >5-0&%/,&7! I3! 5-2%#19'/(!
$#0&!#2!BZZO!:9%!U!695%1*! !K+3Q"&$CA!169$1!#'!&'0/%9'=&'2#-!1(#''/'4!&-&(2%9'!=/(%91(9>&!
[<@<?\! /=#4&! #'7! K+3Q"&$ CG! 169$1! 26&! 1/,&! 7/12%/I52/9'! 9:! 26&! 4%#>6/2&! >#%2/(-&1! #:2&%! 26/1!
2%&#2=&'2*!)6&!#0&%#4&!1/,&!9:!26/1!1#=>-&!$#1!BF*UA!5=*!@=#--&%!>-#2&-&21!(#'!I&!9I2#/'&7!I3!
I#--!=/--/'4a!>-#'&2#%3!=/--/'4a!9%!926&%!=/--/'4!2&(6'/`5&1*!!K+3Q"&$CB!169$1!26&!<@<?!/=#4&!9:!
4%#>6/2&!>-#2&-&21!#:2&%!GZ!695%1!9:!I#--!=/--/'4*! !K+3Q"&$ CE! 169$1! 26&!1/,&!7/12%/I52/9'!9:! 26#2!
1#=>-&*! )6&! #0&%#4&! 1/,&! 9:! 26&! 4%#>6/2&! I&(9=&1! Z*SG! 5=! #:2&%! 26/1! >%9(&11*! )651! /2! /1!
>911/I-&!29!(9'2%9-!26&!1/,&!9:!26&!&T:9-/#2&7!4%#>6/2&!'#'9>-#2&-&2!I3!(9'2%9--/'4!26&!>5-0&%/,#2/9'!
#'7V9%!=/--/'4!>%9(&11*!K+3Q"&$?Z!169$1!#!)<?!/=#4&!9:!&T:9-/#2&7!4%#>6/2&!#:2&%!=/--/'4a!$6/(6!
169$1!4%#>6/2&!>-#2&-&21!$/26!7/#=&2&%1!9:!#!:&$D65'7%&7!'#'9=&2&%1*!W2R.&$C!15==#%/,&1!26&!
7/=&'1/9'1!9:!&T:9-/#2&7!#'7!=/--&7!'#'94%#>6/2&1*!
K+3Q"&$CH#$WMV$+:23&5$<'$V0hDV+6"<[2P&$MT'<.+29&S$U"2;7+9&$K.2-&$
$062.&$b2"$`$?$,:$(courtesy R. S. Ruoff, Northwestern University)!
 16
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!
K+3Q"&$CA#$$M0MV$+:23&$<'$U"2;7+9&$X.29&.&95$2'9&"$MT'<.+29+<,$2,S$$
XQ.P&"+a29+<,$F062.&$b2"$`$CZZQ:I!
K+3Q"&$CG#$0+a&$!+59"+RQ9+<,$<'$U"2;7+9&$X2"9+6.&$2'9&"$MT'<.+29+<,$2,S$XQ.P&"+a29+<,$R($$$$$$$$$
$$$$$$$$$$$$$$$$$$h.9"25<,+6$X"<6&55<"=$)P&"23&$0+a&$`$CJ#?H$Q:$F092,S2"S$!&P+29+<,$`$G#H@$
0+a&$!+59"+RQ9+<,$<'$V+6"<[2P&D&T'<.+29&S$U"2;7+9&
Z
CZ
?Z
@Z
JZ
HZ
AZ
Z H CZ CH ?Z ?H @Z @H JZ JH HZ HH AZ AH GZ
!+2:&9&"FQ:I
/
Q:
R&
"$<
'$X
2"
9+6
.&
5
 17
!
!
$
Figure 3.3.3. ESEM image of Graphite Fakes after Ball Milling 
                    (ScaleBar = 5um) 
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&::&(2/0&! :9%! 26&1&! 4%#>6/2&! =#2&%/#-1*! Y5'(2/9'#-/23! #'#-31/1! 169$&7! 26/1! >%9(&11! (95-7!
/'2%975(&! (#%I9T3-! 4%95>1a! I52! '92! 1/4'/:/(#'2-3*! ]2! /1! (9'1/7&%&7! 26#2! 26/1! 2%&#2=&'2! /1! #-19!
&::&(2/0&! :9%! #=9%>6951! %&4/9'1! 9:! 4%#>6/2&! 1#=>-&1a! I52! '92! :9%! &T:9-/#2&7! 4%#>6/2&! 1#=>-&1a!
$6/(6!6#0&!6/46-3!(%312#--/'&!12%5(25%&1*!
$
WMX)$U"2'9+,3$W"&29:&,9$
P%#>6/2&! '#'9>-#2&-&21! $&%&! :/%12! 2%&#2&7! $/26! NU! >-#1=#! 29! /'2%975(&! (#%I9T3-! 4%95>1a! 26&'!
7/1>&%1&7!/'!2&2%#&263-&'&>&'2#=/'&![)<8J\!#'7!6&#2&7!#2!B_Zo;!:9%!A!695%1!29!4%#:2!)<8J!I3!
:9%=/'4!#=/7&!-/'M#4&1!hUGaUCi*!)6&!1#=>-&!$#1!$#16&7!$/26!7/12/--&7!$#2&%!#'7!=&26#'9-a!26&'!
7%/&7! /'! #! 0#(55=! 90&'*! )6&! m8@! 7#2#! %&0&#-&7! 26&! NV;! %#2/9! $#1! '92! /'(%&#1&7! #:2&%! 26&!
2%&#2=&'2a! I52! '/2%94&'! $&%&! /'2%975(&7! #'7! 26&! QV;! %#2/9! $#1! /'(%&#1&7! 1/4'/:/(#'2-3a!
1544&12/'4!=#'3! :5'(2/9'#-! 4%95>1! 26#2! /'(-57&! '/2%94&'!$&%&! #22#(6&7! 29! 26&! 15%:#(&! 9:! 26&!
1#=>-&*! Y5'(2/9'#-/23! #'#-31/1! %&0&#-&7! 26#2! >%/=#%3! #'7! 1&(9'7#%3! #=/'&1! $&%&! 26&! =#/'!
:5'(2/9'#-! 4%95>1! /'2%975(&7! 9'! 26&! 4%#>6/2&! 15%:#(&v! #=/7&! 4%95>1!$&%&! #-19! #77&7*! )6&1&!
:5'(2/9'#-!4%95>1!(#'! %&#(2!$/26!&>9T3!=#2%/T!#'7! :9%=!(90#-&'2!I9'71*!)651a!#=/'&!4%#:2/'4!
2%&#2=&'2!(95-7!/=>%90&!26&!15%:#(&!(9'7/2/9'!9:!26&!&T:9-/#2&7!4%#>6/2&!#'7!>92&'2/#--3!&'6#'(&!
26&! =&(6#'/(#-! >%9>&%2/&1! 9:! (9=>91/2&1! :/--&7! $/26! 26&! %&/':9%(&=&'21*! )PJ! =&#15%&=&'2!
169$&7!#I952!B*AG!$2c!9:!9%4#'/(!(9'2&'2!$#1!/'2%975(&7!#:2&%!26&!2%&#2=&'2*!
$
)6"(.2:+S&$U"2'9+,3$W"&29:&,9$
P%#>6/2&! '#'9>-#2&-&21!$&%&! 2%&#2&7!$/26!NU! >-#1=#! 29! /'2%975(&!>&%9T/7&! 4%95>1a!$6/(6! (#'!
/'/2/#2&! %#7/(#-! >9-3=&%/,#2/9'*! )6&'! 26&! 1#=>-&! $#1! 7/1>&%1&7! /'! B?! #(%3-#=/7&VI&',&'&!
19-52/9'!#'7!6&#2&7!#2!SZo;! :9%!A!695%1! 29!4%#:2!#'7!>9-3=&%/,&!#(%3-#=/7&*!)6&!1#=>-&!$#1!
$#16&7!$/26!#(&29'&!#'7!7%/&7!/'!#!0#(55=!90&'!hUSi*!L926!26&!NV;!%#2/9!#'7!QV;!%#2/91!$&%&!
/'(%&#1&7!1/4'/:/(#'2-3a!1544&12/'4!=#'3!:5'(2/9'#-!4%95>1!26#2!/'(-57&!9T34&'a!'/2%94&'a!9%!I926!
$&%&!/'2%975(&7*!]'!:#(2a!#(%3-#=/7&!4%#:2/'4!2%&#2=&'2!4#0&!26&!I/44&12!/'(%&#1&!/'!I926!9T34&'!
#'7! '/2%94&'! (9'2&'21*! )6&! :5'(2/9'#-/23! #'#-31/1! %&0&#-&7! 26#2! #=/7&! 4%95>1! $&%&! 26&! =#/'!
:5'(2/9'#-!4%95>1!/'2%975(&7v!>%/=#%3!#'7!1&(9'7#%3!#=/'&1!$&%&!#-19!#77&7*!)6&1&!:5'(2/9'#-!
4%95>1!(#'!:9%=!(90#-&'2!I9'71!$/26!19=&!>9-3=&%1a!/'(-57/'4!&>9T/&1a!#'7!/=>%90&!#76&1/9'!
I&2$&&'! 26&! =#2%/T! #'7! %&/':9%(&=&'21*! )651a! 26/1! 2%&#2=&'2! (95-7! 9::&%! 0&%3! 4997!
/=>%90&=&'21! 29! 26&! 15%:#(&! (9'7/2/9'! 9:! 26&! &T:9-/#2&7! 4%#>6/2&! 1#=>-&1! #'7! &'6#'(&! 26&!
=&(6#'/(#-!>%9>&%2/&1!9:!(9=>91/2&1!:/--&7!$/26!26&!%&/':9%(&=&'21*!)PJ!#'#-31/1!169$&7!#I952!
EF!$2c!9:!9%4#'/(!(9'2&'2!$#1!/'2%975(&7!#:2&%!26&!2%&#2=&'2*!
!
mDR#3!86929&-&(2%9'!@>&(2%91(9>3![m8@\!$#1!9I2#/'&7! :%9=!#!8631/(#-!<-&(2%9'/(1!8W]!AFZZ!
<@;J!1312&=*! !J!'9'D=9'9(6%9=#2/(!?4!195%(&! [$/26!#!j BaU!$#0&-&'426!#2!BUAE*G!&X\!$#1!
51&7!$/26!#!2#M&D9::!#'4-&!9:!FA!7&4%&&1*!!+#2#!$#1!(9--&(2&7!I3!#!=5-2/D(6#''&-!7&2&(29%!$/26!
#'!N='/!X]! -&'1!#11&=I-3*! !)6&! /'12%5=&'2!$#1!9>&%#2&7!$/26!#!>#11!&'&%43!9:!_E*_Z!&X!:9%!
15%0&3! 1(#'1! #'7! U_*EA! &X! :9%! %&4/9'#-! 1(#'1*! ! J--! >&#M1! $&%&! %&:&%&'(&7! 29! #70&'2/2/951!
(#%I9'! #2! USF*G! &X*! ! @&=/! `5#'2/2#2/0&! #29=/(! (9'(&'2%#2/9'1! $&%&! (#-(5-#2&7! 51/'4! >%&D
7&2&%=/'&7!1&'1/2/0/23!:#(29%1*!!m8@!1#=>-&1!$&%&!>%&>#%&7!I3!#>>-3/'4!26&!4%#>6/2&!7/%&(2-3!29!
795I-&!1/7&!(9>>&%!2#>&!9'!#!12#/'-&11!12&&-!125I*!Y/0&!29!1&0&'!7#2#!>9/'21!$&%&!(9--&(2&7!#'7!
26&!#0&%#4&!0#-5&1!$&%&!(#-(5-#2&7*!O6&'!#!1#=>-&!(9'2#/'&7!(9'2#=/'#2&1!15(6!#1!u%a!@/aa!
#'7!J-a!26&!9T34&'!(9'2&'2!9:!26&!1#=>-&!$#1!%&(#-(5-#2&7!#115=/'4!26&1&!(9'2#=/'#2&1!$&%&!
u%NUa!@/NUa!#'7!J-NB*A*!L#1&7!9'!26&1&!7#2#a!26&!%#2/9!9:!9T34&'V(#%I9'![NV;\a!'/2%94&'V(#%I9'!
[QV;\a!#'7!15-:5%V(#%I9'![@V;\!$&%&!(#-(5-#2&7*!)6&!:/%12!2$9!/'7/(#2&!26&!>%&1&'(&!9:!:5'(2/9'#-!
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4%95>1!$6/(6!(9'2#/'!9T34&'!9%!'/2%94&'*!)6&!@V;!%#2/9!/'7/(#2&1!26&!&T/12&'(&!9:!15-:5%/(!#(/7a!
$6/(6!$#1!/'2&%(#-#2&7!/'29!26&!#1D%&(&/0&7!4%#>6/2&!>-#2&-&21*!W2R.&$@!169$1!26&!%&15-21*!!
!
W2R.&$@#$$LX0$S292$<'$MT'<.+29&S$U"2;7+9&$[+97$>2"+<Q5$0Q"'26&$W"&29:&,95$
$
?O!?/--&7! ;! N! Q! u%! Nr! NV;! QV;!
Q9!
)%&#2=&'2! _B*BC! S*ZU! Z*ZZ! Z*SB! G*FB! Z*ZCZE! Z*ZZZZ!
NU!8-#1=#! SS*SA! BZ*EZ! Z*ZZ! Z*SA! S*GZ! Z*Z_GS! Z*ZZZZ!
WQNE! _U*UC! G*_E! Z*ZZ! Z*GB! A*CU! Z*ZGUZ! Z*ZZZZ!
NEVW&#2! _F*_U! F*_G! Z*ZZ! Z*BB! F*CF! Z*ZF__! Z*ZZZZ!
.XVNE! _F*_A! A*ZU! Z*ZZ! Z*BZ! F*SUEE! Z*ZAZS! Z*ZZZZ!
)<8J! SS*GS! A*G_! A*US! Z*EG! F*_CA! Z*ZAGB! Z*ZA_C!
J(%3-#=/7&! CB*FB! BG*A_! BB*SG! Z*BF! BG*EU! Z*UEZU! Z*BCZB!
!
)6&!(9=I/'#2/9'!9:!NB1a!QB1a!#'7!;B1!(5%0&!:/22/'41!$&%&!51&7!29!7&2&%=/'&!26&!23>&1!
#'7!#=95'2!9:!:5'(2/9'#-!4%95>1a!$6/(6!&T/12&7!9'!26&!%&/':9%(&=&'21*!!W2R.&$J!#'7!K+3Q"&$?@!
15==#%/,&!26&!%&15-21*!
!
!
W2R.&$J#$KQ,69+<,2.$U"<Q;$),2.(5+5$!292$<'$MT'<.+29&S$U"2;7+9&$[+97$>2"+<Q5$0Q"'26&$
W"&29:&,95$
! D;DND;D! DNW! D;lN! D;NNW! DQWa!DQWU!
D;NQWDa!
D;NQWU!
NT/7/,&7!
#=/'&!
Q9!)%&#2=&'2! U*US_! U*_UA! Z*ZZZ! Z*CAA! Z*ZZZ! Z*ZZZ! Z*ZZZ!
NU!8-#1=#! B*CZA! F*F_F! B*UAZ! B*UBA! Z*ZZZ! Z*ZZZ! Z*ZZZ!
Q/2%/(!J(/7! Z*EGA! E*EEF! Z*ZZZ! B*B_U! Z*ZZZ! Z*ZZZ! Z*ZZZ!
NEVW&#2! B*ESC! U*U_Z! Z*EUU! Z*C_G! Z*ZZZ! Z*ZZZ! Z*ZZZ!
.XVNE! Z*UUS! U*GCF! Z*ZZZ! B*UEF! Z*ZZZ! Z*ZZZ! Z*ZZZ!
J=/'&!P%#:2/'4! Z*CZA! Z*E_B! Z*_EA! B*BAF! B*SA_! Z*CFB! Z*EAZ!
J(%3-#=/7&! B*UFG! E*FFE! U*__S! Z*UEA! E*BAB! G*EA_! Z*ZZZ!
$
 
 24
V+6"<[2P&$MT'<.+29&S$2,S$V+..&S$U"2;7+9&$FZ#BAQ:I
Z
C
?
@
J
H
A
G
B
$D8DjD8D $Dj* $D8`j $D8jj* $$D/*=$$$$$D
/*?$$$
$D8j/*D=$D
8j/*?
jT+S+a&S
2:+,&
X&
"6
&,
9
/<$W"&29:&,9
j?$X.25:2
/+9"+6$)6+S
j@i*&29
h>ij@
):+,&$U"2'9+,3
)6"(.2:+S&
 
 
K+3Q"&$?@#$KQ,69+<,2.$U"<Q;$),2.(5+5$!292$<'$MT'<.+29&S$U"2;7+9&$[+97$>2"+<Q5$
0Q"'26&$W"&29:&,95$
 
4&)#/,0)(!6,/%,0'()!O$B#'.$(',+!!<>9T3!$#1!51&7!#1!26&!=#2%/T!=#2&%/#-*!+/4-3(/73-!&26&%!9:!
I/1>6&'9-! J! [<>9'! SUS\! $#1! >5%(6#1&7! :%9=! 26&! @6&--! ;6&=/(#-! ;9*! n&::#=/'&! )FZE! :%9=!
W5'21=#'!8&2%9(6&=/(#-!$#1!51&7!#1! 26&! (5%/'4!#4&'2! :9%! 26/1!=#2%/T! 1312&=*!)6&! (6&=/(#-!
12%5(25%&1!9:! 26&1&!=#2&%/#-1!#%&!169$'!/'!K+3Q"&$?J*!)6&!129/(6/9=&2%3!9:! 26&1&!(6&=/(#-1! /1!
BZZ![+P<LJ\!29!FA![)FZE\!I3!$&/462*!)6&!(#-(5-#2&7!#=95'2!9:!26&!%&/':9%(&=&'2!$#1!#77&7!29!
+P<LJ! #'7!=/T&7! $/26! 26&! #/7! 9:! #'! 5-2%#19'/(! 69=94&'/,&%! :9%! A! 29! BZ!=/'52&1*! )6&'! 26&!
129/(6/9=&2%/(!#=95'2!9:!n&::#=/'&!)FZE!$#1!#77&7!#'7!=/T&7!#2!%99=!2&=>&%#25%&*!)9!#09/7!
09/71a!#!269%9546!9524#11/'4!>%9(&11!$#1!#>>-/&7!I&:9%&!(5%/'4*!)6&!1312&=!$#1!(5%&7!#2!SAo;!
:9%! U! 695%1a! :9--9$&7! I3! >912! (5%/'4! #2! BAZo;! :9%! U! 695%1*! )6&! 09-5=&! :%#(2/9'! 9:! (#%I9'!
=#2&%/#-1! /'!(9=>91/2&!1#=>-&1!$#1!(#-(5-#2&7!#115=/'4!#!7&'1/23!9:!4%#>6/2&!>-#2&-&21!9:!U*Z!
4V(=E*! )6&! 7&'1/2/&1! 9:! 926&%! (#%I9'!=#2&%/#-1! $&%&! 9I2#/'&7! :%9=! 26&/%! =#'5:#(25%&%1*! )6&!
7&'1/23!9:!26&!&>9T3!=#2%/T!$#1!=&#15%&7!#1!B*BA_!4V(=E*!!
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4&+,'<"6&:&,95$'<"$8<:;2"+5<,$
)6%&&! (9==&%(/#--3! #0#/-#I-&! (#%I9'! =#2&%/#-1! $&%&! 51&7! #1! (9=>#%/19'a! $6/(6! $&%&! 8JQ!
I#1&7!(#%I9'!:/I&%![8JQ<m!EE!?;!?/--&7!;#%I9'!Y/I&%1a!u9-2&M!;9*\a!XP;Y![83%94%#:!]]]a!8RD
B_!8@!4%#7&a!83%94%#:!8%975(21a!]'(*\a!#'7!'#'91/,&!(#%I9'!I-#(M![j<)n<QL"J;j!<;DGZZ!n+a!a!
JM,9!Q90&-!89-3=&%!;6&=/(#-1!"";\*!)6&1&!=#2&%/#-1!$&%&!51&7!#1D%&(&/0&7!5'-&11!926&%$/1&!
=&'2/9'&7*!W2R.&$H!169$1!26&!7/=&'1/9'#-!(6#%#(2&%/12/(1!9:!26&1&!=#2&%/#-1a!$6/-&!K+3Q"&$?H!
169$1!@<?!/=#4&1!9:!26&1&!=#2&%/#-1*!W2R.&$A$#'7$W2R.&$G!#-9'4!$/26!K+3Q"&$?A!15==#%/,&!
26&!m8@!#'7!:5'(2/9'#-!4%95>!#'#-31/1!7#2#!9:!26&1&!=#2&%/#-1*!!
$
W2R.&$H#$W7&$8<::&"6+2..($)P2+.2R.&$82"R<,$V29&"+2.5$
W2R.&$A#$LX0$S292$<'$8<::&"6+2..($)P2+.2R.&$4&+,'<"6&:&,95!
!! ;! N! Q! @! u%! Q#! @/! J-! Nr! NV;! QV;! @V;!
;Y! SS*_Z! _*EZ! B*GZ! Z*ZZ! Z*ZZ Z*UA Z*ZZ Z*ZZ _*EZ Z*BZFG! Z*ZBSZ! Z*ZZZZ
XP;Y! _A*ZC! F*_F! Z*ZZ! Z*ZZ! Z*ZZ Z*ZZ Z*ZZ Z*ZZ F*_F Z*ZAUZ! Z*ZZZZ! Z*ZZZZ
;L! _B*CZ! S*UG! Z*ZZ! Z*ZZ! Z*ZZ Z*ZZ Z*ZZ Z*ZZ S*UG Z*Z_ZB! Z*ZZZZ! Z*ZZZZ
!
!
!
!
!
! J0&%#4&!
"&'426!
[5=\!
J0&%#4&!
+/#=&2&%!
['=\!
J1>&(2!
R#2/9!
@5%:#(&!
J%&#!!
[=UV4\!
+&'1/23!
[4V(=U\!
;Y! BCA! CUZZ! UF*E! BG! B*SB!
XP;Y! AZDBZZ! BAZ! EEEDGGG! UA! U*Z!
;#%I9'!L-#(M! ! BZDEZ! B! BFZZ! B*S!
C
CH3
CH3
O OCHCH2
O
CH2 CH
OH
CH2 O C
CH3
CH3
O CH2 CH
O
CH2
m
m = 0(88%), 1(10%), 2(2%)
<>9T/7& &`5/0#-&'2!$&/462!BSAfB_U
NH 2
NH 2
NH 2
Y
   CH 3
Z   CH3
   CH3 X
CH 2 OCH 2CH
C
CH 2
CH 2
OCH 2CH
CH3CH 2 OCH 2CH
md^dulA*E
A. Epon 828 
B. Jeffamine T403 
K+3Q"&$?J#!!!87&:+62.$59"Q69Q"&$<'$!+3.(6+S(.$&97&"$<'$R+5;7&,<.$)$F)=$M;<,$B?B=$07&..$
87&:+62.$8<#I$2,S$%&''2:+,&$WJZ@$Fb=$*Q,95:2,$X&9"<67&:+62.$8<#I!
Epoxide Equivalent Weight 185-192 
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$
W2R.&$G#$KQ,69+<,2.$3"<Q;$!292$<'$8<::&"6+2..($)P2+.2R.&$4&+,'<"6&:&,95$
!! !D;DND;D! !DNW! !D;lN!
!D
;NNW!
DQWa!
DQWU!!!
!D;NQWDa!
D;NQWU!
NT/7/,&7!
#=/'&!
;Y! B*ASG! U*_GF! Z*FAC! B*ZBE! Z*AAE! B*EFC! Z*ZZZ!
XP;Y! U*SAB! Z*_EG! Z*ZZZ! B*AAA! Z*ZZZ! Z*ZZZ! Z*ZZZ!
;L! F*ZUG! Z*SFG! Z*ZZZ! E*C_F! Z*ZZZ! Z*ZZZ! Z*ZZZ!
!
!
!
!
!
!
!
!
!
KQ,69+<,2.$U"<Q;5$<'$82"R<,$V29&"+2.5
Z*ZZZ
Z*AZZ
B*ZZZ
B*AZZ
U*ZZZ
U*AZZ
E*ZZZ
E*AZZ
F*ZZZ
F*AZZ
!D;DND;D !DNW !D;lN !D;NNW !!DQWa!!!!!!!D
QWU!!!
!D;NQWDa!D
;NQWU
NT/7/,&7
#=/'&
X&
"6
&,
9
;Y XP;Y ;#%I9'!L-#(M
 
K+3Q"&$?A#$KQ,69+<,2.$U"<Q;$!292$<'$8<::&"6+2..($)P2+.2R.&$4&+,'<"6&:&,95$
 
C: Carbon Black 
(Scale bar = 5 um) 
A: PAN based Carbon Fiber 
 (Scale bar = 200 um) 
B: VGCF 
(Scale bar = 200 um) 
K+3Q"&$?H#$$0MV$<'$X)/$R25&S$62"R<,$'+R&"$F)I=$>U8K$FbI=$2,S$62"R<,$R.26-$F8I#$
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6,/%,0'()!OE)P?#$E!L).&$+'.$E!7#,%)#(')0!!)6&!:-&T5%#-!2&12!$#1!>&%:9%=&7!9'!#!.)@!2&12/'4!
=#(6/'&! h.'/2&7!;#-/I%#2/9'!;9%>*i! #2! %99=! 2&=>&%#25%&! :9--9$/'4!J@)?!+C_Z*! )6&! 1#=>-&1!
$&%&!=#7&!/'!#!12#'7#%7!I#%!16#>&!#'7!>9-/16&7!(#%&:5--3!19!26#2!26&!26/(M'&11!9:!26&!1#=>-&1!
$#1!(9'12#'2!26%9546952!26&!1#=>-&1*!)6&!:/'#-!7/=&'1/9'!9:!26&!I#%!1#=>-&1!$#1!GZ!T!BU*A!T!E!
==*!)6&!2&12!$#1!>&%:9%=&7!#2!(%9116&#7!%#2&!9:!Z*ZA!/'(6&1!>&%!=/'52&*!!
$
3'N)!)--).(!
;9=>91/2&! 1#=>-&1! $/26! :95%! 7/::&%&'2! &T:9-/#2&7! 4%#>6/2&! >-#2&-&21! $&%&! :#I%/(#2&7! #'7! 26&!
:-&T5%#-! >%9>&%2/&1! #%&! 15==#%/,&7! /'!K+3Q"&$ ?G*! )6&! (9=>91/2&1! :/--&7!$/26! 1=#--&%! 4%#>6/2&!
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B<dZG
B<dZS
B<dBZ
B<dBU
Z A BZ BA UZ UA
K+..&"$8<,9&,9$Fc9gI
8K
8b
>U8K
MT'<.+29&S$U"2;7+9&$FCHQ:I
K+3Q"&$JC#$!+&.&69"+6$8<,592,9$2,S$1<55$K269<"$29$C$*&"9a$<'$8<:;<5+9&5$
'+..&S$[+97$$>2"+<Q5$82"R<,$V29&"+2.5$!
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345:33!1*1KU3<3!<*!7154<6GK14:!68L783<4:3!!
!
2$.=>#,?+@!
Y#/-5%&!=&(6#'/1=1!9:!=#2&%/#-1!(#'!I&!(-#11/:/&7!/'29!1&0&%#-!(#2&49%/&1!15(6!#1!26&!3/&-7/'4!9:!
75(2/-&!=#2&%/#-1a!26&!:%#(25%&!9:!I%/22-&!=#2&%/#-1a!:#2/45&a!#'7!I5(M-/'4*!]'!26&!(#1&!9:!169%2D:/I&%!
%&/':9%(&7! >9-3=&%! (9=>91/2&1a! 26&! :%#(25%&! >%9(&11! (95-7! I&! #! (9=I/'#2/9'! 9:! =5-2/>-&!
=&(6#'/1=1*!]:! 26&!I9'7/'4!I&2$&&'!=#2%/T!#'7!:/I&%1!$#1!>&%:&(2a! 26&!:#/-5%&!$95-7!9((5%!I3!
&/26&%!26&!>-#12/(!7&:9%=#2/9'!9:!26&!=#2%/T!9%!26&!I%&#M#4&!9:!#!:/I&%*!]'!>%#(2/(&a!69$&0&%a!=912!
(9=>91/2&! :#/-5%&1! #%&! /'/2/#2&7! I3! /'2&%:#(/#-! 7&I9'7/'4! #%95'7! %&/':9%(&=&'21*! ! @<?!
9I1&%0#2/9'1! 9:! 26&! :#/-5%&! >%9(&11! 9:! #! 169%2D:/I&%! %&/':9%(&7! (9=>91/2&! %&0&#-&7! 26#2! 26&!
>%9(&11!/'(-57&7!1&0&%#-!1&`5&'2/#-!12&>1!hEZaEBi*!
(! ]'2&%:#(/#-!7&I9'7/'4!#2!26&!:/I&%!&'71!
(! 8-#12/(!7&:9%=#2/9'!9:!=#2%/T!#%95'7!26&!:/I&%1!
(! ]'2&%:#(/#-!=/(%9(%#(M!>%9>#4#2/9'!#-9'4!:/I&%!1/7&1!
(! ;#2#12%9>6/(!(%#(M!>%9>#4#2/9'!26%9546952!26&!=#2%/T!
)651a!/2!/1!/=>9%2#'2!29!/'0&12/4#2&!26&!#76&1/9'!(9'7/2/9'!I&2$&&'!:/I&%1!#'7!=#2%/T!#'7!12%&11!
(9'(&'2%#2/9'1!#2!26&!/'2&%:#(&!#'7!/'!26&!'&#%I3!=#2%/T!29!>%&7/(2!:#/-5%&*!!
!
)6&!#76&1/9'!(9'7/2/9'!I&2$&&'!:/I&%1!#'7!#!>9-3=&%!=#2%/T!(#'!I&!/'0&12/4#2&7!&T>&%/=&'2#--3!
I3!2&12/'4!=&26971!15(6!#1!26&!:/I&%!>5--952!2&12a!26&!=/(%97%9>!2&(6'/`5&a!#'7!26&!1/'4-&!:/I&%!
:%#4=&'2#2/9'!2&12!hEUiaI52!/2! /1!7/::/(5-2!29!#11&11!26&!/'2&%:#(/#-!I9'7!`5#-/23!9:!:-#M&D%&/':9%(&7!
(9=>91/2&1!I&(#51&!9:!26&!/'(9'1/12&'(3!9:!26&!7/=&'1/9'1!9:!26&!>-#2&-&21*!W9$&0&%a!26&!12%&11!
7/12%/I52/9'! /'! 26&! /'2&%:#(&! %&4/9'! 9:! 26&1&! (9=>91/2&1! (#'! I&! 1/=5-#2&7! I3! 51/'4! 26&! :/'/2&!
&-&=&'2!=&2697*!!!
!
)9!7&1(%/I&!>-#12/(! 7&:9%=#2/9'!>6&'9=&'#a! 26&! 09'!?/1&1! 3/&-7! (%/2&%/9'! hEEi! /1!=912!$/7&-3!
51&7!I&(#51&!/2!(#'!>%90/7&!#4%&&=&'2!I&2$&&'!26&9%3!#'7!&T>&%/=&'2#-!%&15-21!/'!=#'3!(#1&1*!!
)6/1!=97&-!#115=&1!26#2! 26&!:#/-5%&!9:!#!75(2/-&!=#2&%/#-!9((5%1!$6&'!26&!&'&%43!9:!7/129%2/9'!
%&#(6&1!26&!3/&-7!&'&%43!9:!26&!=#2&%/#-*!!)6&!(%/2&%/9'!/1!=#26&=#2/(#--3!&T>%&11&7!#1!
! " ! " ! "& ' 212132322212
1 //////// #0#0#$1 effyield !!!!!!!!!!!!!!!!!!!![B\!
$6&%&!!eff!/1!26&!&::&(2/0&!12%&11!9:!26&!=#2&%/#-!#'7!!1 %$a $!2  and !3 #%&!26&!12%&11&1!/'!7/%&(2/9'1!Ba!
Ua!#'7!E*!!]'!26&!(#1&!9:!>-#'&!12%&11a!9'-3$ !1 %$a $!2  and !3 &T/12*!@9!26&!&`5#2/9'!I&(9=&1a!
! " 21222121 ////// 0#$1 effyield !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!![U\!
)6&!09'!?/1&1!12%&11!9:!(9=>91/2&!1312&=1!(#'!#-19!I&!1/=5-#2&7!I3!51/'4!26&!:/'/2&!&-&=&'2!
=&2697*!
!
J'! /'(-51/9'! /'! #! >9-3=&%! =#2%/T! 515#--3! (#51&1! #! 12%&11! (9'(&'2%#2/9'a! $6/(6! (95-7! /'/2/#2&!
(%#(M/'4! #'7V9%! >-#12/(! :#/-5%&*! )6&! 12%&11! :/&-7! (#'! I&! #::&(2&7! I3!=#'3! :#(29%1! 15(6! #1! 26&!
16#>&!26&!/'(-51/9'a!26&!=9%>69-943!9:!26&!1312&=a!#!=/1=#2(6!/'!&T>#'1/9'V16%/'M#4&a!#'7!26&!
#76&1/9'! I&2$&&'! =#2%/T! #'7! /'(-51/9'1*! )9! 7&1/4'! 4997! (9=>91/2&! 1312&=1! :9%! #! 1>&(/:/(!
#>>-/(#2/9'a! /2! /1! /=>9%2#'2! 29! 5'7&%12#'7! 26&! &::&(21! 9:! 26&1&! :#(29%1! 9'! 26&! >%9>&%2/&1! 9:!
(9=>91/2&!1312&=1*!!
!
)9! &0#-5#2&! 26&! -9(#-! 12%&11! :/&-71! 9:! (9=>91/2&! 1312&=1a! 1/'4-&! /'(-51/9'! =97&-1! $&%&!
/'0&12/4#2&7!:/%12!hEFaEAi*!)6&1&!=97&-1!%&>%&1&'2!26&!7/-52&!/'(-51/9'!(9'7/2/9'*!O6&'!/'(-51/9'1!
#%&!(-91&-3!>#(M&7a!9'! 26&!926&%!6#'7a! 26&!12%&11! :/&-71! :%9=! 26&! /'(-51/9'1! /'2&%#(2!$/26!&#(6!
926&%a! :9%=/'4! 0&%3! (9=>-&T! 12%&11! :/&-71*! )9! 19-0&! 26/1! >%9I-&=a! #! '&$! (9'(&>2! (#--&7! 26&!
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&::&(2/0&!=&7/5=!#>>%9#(6!6#1!I&&'!/'2%975(&7!hEGaECaESi*!]'!26/1!(#1&a!26&9%&2/(#-!(#-(5-#2/9'1!
515#--3! #115=&! 26#2! 26&! /'(-51/9'1! #%&! #%%#'4&7! /'! >&%/97/(! $#31! hE_aFZaFBaFUaFEi*! )6/1!
#>>%9#(6! /1!51&:5-! 29!>%&7/(2! 26&!&::&(2/0&! [4-9I#-\!&-#12/(!#'7! 26&%=#-!(9'12#'21a!I52! /2!(#''92!
6#'7-&!26&!-9(#-!12%&11!:/&-71!/'!(9=>91/2&!1312&=1!$/26!%#'79=-3!9%/&'2&7!/'(-51/9'1*!!
!
]'! %&#-!(9=>91/2&!1312&=1a! 26&!7/1>&%1/9'!9:! /'(-51/9'1! /1!4&'&%#--3!7/19%7&%&7*!)9! /'0&12/4#2&!
26&!&::&(2!9:! 26&! !#%%#'4&=&'2!9:! /'(-51/9'1!9'! 26&! -9(#-!12%&11! :/&-71!#'7!&::&(2/0&!>%9>&%2/&1a!
=97&-1!$/26!2$9!'&/46I9%/'4!/'(-51/9'1!6#0&!I&&'!51&7!hFFaFAaFGi*!
!
)6&! 9IK&(2/0&! 9:! 26/1! %&1&#%(6! $#1! 29! /'0&12/4#2&! 26&! &::&(2! 9:! 26&! 16#>&! #'7! 4&9=&2%/(!
#%%#'4&=&'2! 9:! /'(-51/9'1! 9'! 26&! -9(#-! 12%&11&1! /'! '#'9(9=>91/2&! 1312&=1*! *! )6&! :#(29%1!
/'0&12/4#2&7!$&%&![B\!26&!16#>&!9:!#'!/'(-51/9'a![U\!26&!#1>&(2!%#2/9!9:!#'!/'(-51/9'a!#'7![E\!26&!
4&9=&2%/(! #%%#'4&=&'2! 9:! /'(-51/9'1*! @/'4-&D/'(-51/9'! :/'/2&! &-&=&'2! =97&-1! $&%&! 51&7! 29!
/'0&12/4#2&!26&!:/%12!2$9!:#(29%1!$6/-&!2$9D/'(-51/9'!=97&-1!$&%&!51&7!29!/'0&12/4#2&!26&!-#12!9'&*!
]'!26&!(#1&!9:!2$9D/'(-51/9'!=97&-1a!26&!/'(-51/9'1!$&%&!'92!#--9$&7!29!90&%-#>!&#(6!926&%*!)9!
:9(51! 9'! 26&1&! :#(29%1a! >&%:&(2! I9'7/'4! I&2$&&'! /'(-51/9'1! #'7!=#2%/T!$#1! #115=&7! #'7! '9!
%&1/75#-!12%&11!75&!29! 26&!7/::&%&'(&! /'!;)<![(9&::/(/&'2!9:! 26&%=#-!&T>#'1/9'\!I&2$&&'!=#2%/T!
#'7!/'(-51/9'!$#1!(9'1/7&%&7*!!
!
O'+'()!:E)/)+(!L)(&,@!
)6&! 19:2$#%&! 51&7!$#1! JQ@^@! AC*! ]'! 26&! 1/=5-#2/9'a! 26&! `5#7%/-#2&%#-! >-#'&! &-&=&'21! $&%&!
51&7! 19! 26#2! &#(6! &-&=&'2! $#1! 7&:/'&7! I3! &/462! '97&1! #'7! &#(6! '97&! 6#7! 2$9! 7&4%&&1! 9:!
:%&&79=! /'! 26&! TD! #'7! 3D! 7/%&(2/9'1*! J--! 26&! 1/=5-#2/9'1! $&%&! 79'&! 5'7&%! 26&! >-#'&! 12%&11!
(9'7/2/9'*!L3!#11/4'/'4!13==&2%/(!I95'7#%3!(9'7/2/9'1!9'!26&!TD!#'7!3D!#T/1a!9'-3!#!`5#%2&%!9:!
26&! $69-&! =97&-! 1312&=! $#1! %&`5/%&7! 29! I&! /'>52! #1! #! 1/=5-#2/9'! =97&-*! )6&! &'4/'&&%/'4!
(9'12#'21!9:!26&!=#2%/T!#'7!4%#>6/2&!=#2&%/#-!#%&!15==#%/,&7!/'!W2R.&$CZ*!hFCi!
$
W2R.&$CZ#$M,3+,&&"+,3$8<,592,95$<'$V29"+T$2,S$U"2;7+9&$02:;.&$
! ?#2%/T! ]'(-51/9'!
! <>9T3! P%#>6/2&!
! ]192%9>/(! )%#'10&%1&-3!]192%9>/(!
^95'4k1!?975-51![<BB!l!<UU\! U*A!?8#! BaZGZ!?8#!
^95'4k1!?975-51!![<EE\! ! EG*A!?8#!
89/119'k1!%#2/9![!( ! (\! Z*EA! Z*BGA!
89/119'k1!R#2/9![!( !  \! ! Z*EFE!
@6&#%!?975-51![PBU!l!PUB\! ! FFZ!?8#!
@6&#%!?975-51![PBE!l!PUE\! ! F*A!?8#!
!
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;)0.#'%(',+!,-!O'+'()!:E)/)+(!L,@)E0!
!
:@>)!1+>E)!!
Y95%!=97&-1!$&%&!51&7!29!/'0&12/4#2&!26&!&::&(2!9:!26&!/'(-51/9'k1!&74&!#'4-&!#4#/'12!26&!/'>52!
12%&11*!<#(6!=97&-!6#7!#!%69=I51D16#>&7!/'(-51/9'!$/26!7/::&%&'2!&74&!#'4-&1!%&-#2/0&!29!26&!
%&=92&!/'>52!12%&11*!]'!26/1!#'7!:9--9$/'4!=97&-1a!26&!%&/':9%(&=&'2!&'4/'&&%/'4!(9'12#'21!/'!
7/%&(2/9'1!B!#'7!U!$&%&!#11/4'&7!/'!26&!mD!#'7!^D!7/%&(2/9'1a!#'7!I926!#T&1!$&%&!#115=&7!#1!
13==&2%/(!I95'7#%/&1*!)6&!-&'426!9:!&#(6!&74&!-/'&!$#1!:/T&7!#2!A*!)6&!/'>52!12%&11!$#1!
#>>-/&7!/'!26&!^D7/%&(2/9'!9'!#!-/'&!$6/(6!/1!-9(#2&7!26&!1#=&!7/12#'(&!:%9=!26&!29>!(9%'&%!9:!
&#(6!%69=I51!/'(-51/9'*!K+3Q"&$J?$169$1!26&1&!=97&-1*!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!!
!
!
!
!
!
!
!
!
(0, 53.54) 
X 
B(2.5,0) (0,0) 
A(0,4.33) 
(0, 54.33) 
 
length=5 
(55,0) 
302 
Input Stress Y
B(3,54,0) (0,0) 
A(0,3.54) 
(55,0) 
452 
Input Stress Y
X 
 
length=5 
B(4.33,0) (0,0) 
A(0,2.5) 
(0, 52.5) 
(55,0) 
602 
Input Stress 
X 
Y
 
length=5 
B(4.83,0) (0,0) 
A(0,1.29) 
(0, 51.29) 
(55,0) 
752 
Input Stress 
X 
Y
 
length=5 
K+3Q"&$J?*!W7&$V<S&.5$Q5&S$9<$+,P&59+329&$97&$M''&69$<'$MS3&$),3.&$232+,59$
^,;Q9$09"&55$<,$09"&55$!+59"+RQ9+<,$<'$8<:;<5+9&$0(59&:5!
(A) 302 Model (B) 452 Model 
(C) 602 Model (D) 752 Model 
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O'EE)#!3&$%)!
@`5#%&a!(/%(5-#%a!6&T#49'#-a!#'7!9(2#49'#-!16#>&7!%&/':9%(&=&'21!$&%&!51&7!#1!=97&-1*!)$9!
7/::&%&'2!4&9=&2%/(!#%%#'4&=&'21!$&%&!/'0&12/4#2&7!/'!26&!6&T#49'#-!#'7!9(2#49'#-!
%&/':9%(&=&'2!=97&-1*!K+3Q"&$J@!169$1!26&!7&2#/-1!9:!26&1&*$$
$
$
!
!
K+3Q"&$J@#$W7&$V<S&.5$Q5&S$9<$+,P&59+329&$97&$M''&69$<'$072;&$!+''&"&,6&$<,$
09"&55$!+59"+RQ9+<,$<'$8<:;<5+9&$0(59&:5$
X 
B(2.885, 5) 
(0,0) 
A(0,5) 
(0, 55) 
(55.77, 0) 
Input Stress Y
B(5.77, 0) 
302
(E) Hexagon Model 2
(D) Hexagon Model 1 
B(4.33, 2.5) 
(0,0) 
A(0,5) 
(0, 55) 
(54.33, 0) 
Input Stress 
X 
Y
B(4.33, 0) 
602
(C) Octagon Model 2
Y
(0, 55) 
B(3.54,3.54) 
(0,0) 
A(0,5) 
(55,0) 
22.52 
Input Stress
X C(5,0) 
(0,0) 
A(0,5) 
(0, 55) 
(55,0) 
Input Stress 
X 
Y
(F) Circle
D(5, 0) 
902
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10%).(!5$(',!
;9=>91/2&1!$/26!>-#2&!%&/':9%(&=&'21!$/26!7/::&%&'2!#1>&(2!%#2/91!$&%&!=97&-&7*!)6&!-&'426!9:!
26&! %&/':9%(&=&'21!$#1! :/T&7a! I52! 26&! 26/(M'&11!$#1! (6#'4&7! 29! #7K512! 26&! #1>&(2! %#2/9*! )6&!
#1>&(2! %#2/91! /'0&12/4#2&7! $&%&! UZZa! BZZa! AZa! UZa! BZa! Aa! #'7! B*! )6&! 12%&11! 7/12%/I52/9'! $#1!
#'#-3,&7! 5'7&%! 2$9! 7/::&%&'2! /'>52! 12%&11! (9'7/2/9'1a! 9'&! /'! 26&! mD! #'7! 26&! 926&%! /'! 26&! ^D
7/%&(2/9'*!]'!I926!(#1&1a!26&!12%&11&1!$&%&!#>>-/&7!9'!26&!-/'&1!$6/(6!$&%&!26&!1#=&!7/12#'(&!
:%9=! 26&! %&/':9%(&=&'2*! K+3Q"&$ JJ! 169$1! 26&! 7&2#/-1! 9:! 26&1&! =97&-1*! ]'! &#(6! =97&-a! 26&!
&'4/'&&%/'4!(9'12#'21!9:!%&/':9%(&=&'2!/'!7/%&(2/9'!E!$&%&!#11/4'&7!#1!2691&!/'!26&!mD!7/%&(2/9'!
#'7!26&!&'4/'&&%/'4!(9'12#'21!/'!7/%&(2/9'!B!$&%&!#11/4'&7!#1!2691&!/'!26&!^D7/%&(2/9'*!!
!
!
X=0.25, 0.5, 1, 2.5, 5, 10 
Aspect Ratio = 200, 100, 50, 20, 10, 5 
 
(0,0) (X,0)
(X + 50, 0) 
(0,50) 
(X, 50) 
(0,100) (X + 50, 100) 
Highest 
Stress 
X 
Y Input Stress Y
Input 
Stress 
X 
K+3Q"&$JJ#$W7&$V<S&.5$Q5&S$9<$+,P&59+329&$97&$M''&69$<'$K+..&"$)5;&69$429+<$<,$
09"&55$!+59"+RQ9+<,$<'$8<:;<5+9&$0(59&:5$
(0,0) (5,0) (55,0) 
(0,5) 
(0, 55) 
Aspect Ratio = 1
X 
Y 
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;'0($+.)!B)(Q))+!1E'>+)@!O'EE)#0!
;9=>91/2&1! $/26! 2$9! #-/4'&7! >-#2&D-/M&! :/--&%! >#%2/(-&1! $/26! #! :/T&7! #1>&(2! %#2/9! 9:! UZ! $&%&!
=97&-&7*!)6&!7/12#'(&!I&2$&&'! 26&! 2$9! :/--&%!>#%2/(-&1!$#1!=&#15%&7! /'!=5-2/>-&1!9:! 26&! :/--&%!
26/(M'&11*!)6&!12%&11!7/12%/I52/9'!$#1!#'#-3,&7!5'7&%!2$9!7/::&%&'2!/'>52!12%&11!(9'7/2/9'1a!9'&!
/'! 26&! mD! #'7! 26&! 926&%! /'! 26&! ^D7/%&(2/9'*! ]'! I926! (#1&1a! 26&! 12%&11&1!$&%&! #>>-/&7! 9'! -/'&1!
$6/(6!$&%&! 26&! 1#=&!7/12#'(&! :%9=! 26&! %&/':9%(&=&'2*!K+3Q"&$ JH! 169$1! 26&! 7&2#/-1! 9:! 26&1&!
=97&-1*!]'!&#(6!=97&-a!26&!&'4/'&&%/'4!(9'12#'21!9:!%&/':9%(&=&'2!/'!7/%&(2/9'!E!$&%&!#11/4'&7!
#1! 2691&! /'! 26&!mD7/%&(2/9'!#'7! 26&!(9'12#'21! /'!7/%&(2/9'!B!$&%&!#11/4'&7!#1! 2691&! /'! 26&!^D
7/%&(2/9'*!!
 
(0,0) 
(0 Y
(51,0
)
(0,Y+40
)
(1, Y+40) 
(0,Y+90
)
(51,Y+90
)
X 
Input Stress Y 
Y=0.5, 1, 2, 4, 6, 8, 
10
(1,Y)
K+3Q"&$JH#$W7&$V<S&.5$Q5&S$9<$+,P&59+329&$97&$M''&69$<'$!+592,6&$
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